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Abstract 
In this work, a room-temperature sensing device for detecting carbon monoxide using a ZnO thin film is presented. 
The ZnO layer (thickness close to the Debye length), which has a polycrystalline structure, is deposited with atomic-
layer deposition (ALD) on an Al2O3/Si substrate. The operating principle of the sensor is based on measuring 
resistance change of the ZnO thin film upon exposure to CO in ambient environment. The ZnO-based sensor shows a 
large response to low CO concentrations ranging from 5 to 25 ppm in air with 40% relative humidity at room 
temperature. Results show that the sensitivity of the sensor to CO at room temperature can be modulated with a back 
gate voltage.   
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Conductometric semiconducting metal oxide sensors have been used widely for gas sensing because of 
their robustness, simple fabrication process, and low cost. CO sensing using metal oxide thin films 
including SnO2, ZnO, In2O3 etc. has been reported in [1]. Most of the developed gas sensors operate at 
elevated temperatures, which are typically above 100°C [1,2]. To achieve the desired operating 
temperature, the sensor is often integrated with a microheater, which requires a power budget above few 
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hundred microwatts. By reducing the thickness of the sensing layer to a value close to the Debye length, 
the conductivity of the sensing films is strongly influenced by electron-depleted space-charges created by 
the gas adsorption or desorption at the oxide surface even at room temperature. The benefit of creating a 
high surface to volume ratio of the sensitive material has been demonstrated with FET-based gas sensors 
using nanowire(s). The sensitivity and selectivity of these sensors are enhanced even further when an 
extra back gate potential is applied [3,4]. 
In this work we are aiming to develop a low power resistive sensor for CO based on ZnO thin films 
(see Fig.1), which are realized by using ALD at a relative low deposition temperature. By using an oxide 
thin film with high surface to volume ratio, whose thickness is close to the Debye length [5], any 
adsorption or desorption that occurs at the film surface can directly modulate the charge carrier density of 
the oxide layer, thereby enhancing the sensitivity and response time. The advantage of using a quasi-2D 
oxide thin film over nanowires is the less complex processing for deposition, patterning, and contacting. 
Additionally, the use of ALD enables precise control over the film thickness, composition and 
morphology. Also it allows for batch production and flexibility in further integration of sensors on a 
single chip. The possible enhancement of the CO sensitivity by applying back gate potential is a part of 
the study.  
2. Experimental 
ZnO thin films were realized on an Al2O3/silicon substrate with thermal ALD using diethylzinc 
(DEZn) and water precursors at 150°C. There are common precursors reported in literature for ZnO [6]. 
The Al2O3 insulating layer for ZnO was fabricated using sputter-deposition of Al in an oxygen 
environment. To verify the crystallinity of the ZnO layers, X-ray diffraction (XRD) was performed with a 
Philips X'Pert MPD diffractometer, equipped with a Cu X-ray source. A grazing incidence geometry was 
applied to enhance the surface sensitivity. To measure the conductivity of the ZnO layer, 200 nm thick Al 
electrodes with a width of 500 μm were deposited on the oxide layer through a shadow mask.  
Sensitivity of a ZnO layer to CO was tested in a gas-tight probe station, where a constant gas flow of 
1.5 liter per minute was maintained. CO concentrations in the probe station were prepared by mixing a 
flow of 0.01% CO with a main flow of dry air. The humidity in the probe station was regulated by mixing 
the dry main air flow with one through a bubbler containing distillated water. This gas mixing setup can 
supply CO concentrations with an accuracy of below 1 ppm and relative humidity ranging from 0 to 
100%. The CO sensitivity of the ZnO layers was directly tested using electrical probes. The resistance of 
the ZnO layer was calculated from the current measured at a constant DC voltage of 1V by using a 
semiconductor parameter analyzer (Agilent B1500A). All experiments were performed at room 
temperature. 
3. Results and discussions  
The XRD spectrum of ALD-ZnO films (thickness of 50nm) presented in Fig. 1a shows that the ZnO 
film has a polycrystalline structure with four main orientations of (100), (002), (101) and (110) even at 
the relatively low deposition temperature of 150°C. These peaks are separately located from a strong peak 
corresponding to Al from the substrate. Only peaks corresponding to ZnO and Al2O3 are seen in the 
spectrum, which is indicative of the high impurity of the ZnO film.  
To study the influence of the oxide thickness on the CO sensitivity, 10nm thick ZnO films were tested 
in humid air (40% relative humidity) mixed with different CO concentrations. The thickness of this film 
is close to the Debye length of ZnO, which is reported in the order of 26.9 nm at 1000K [7]. Upon 
exposure to CO in the presence of air, pre-adsorbed oxygen on the ZnO surface reacts with CO forming 
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CO2 in which oxygen vacancies are freed and electrons are released to the oxide bulk increasing the bulk 
conductivity according to Eq.1.  
 
CO + Oad- → CO2 + e-          (1) 
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Fig. 1. XRD spectrum of a 50 nm-thick ZnO film realized using atomic layer deposition at 150°C on Al2O3/Si substrate shows four 
major crystal orientations (a); Relative change in the resistance of  10 nm thick ZnO layer in air with 40% relative humidity at room 
temperature as a function of CO concentrations (b).  
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Fig.2. Illustration of the electrical circuitry, which is used for applying back gate potential (a);  Response of a sensor with 10 nm 
thick ZnO layer to 25 ppm CO  in air  with 40% relative humidity at room  temperature as a function of back gate potential. The 
solid line is a guide to the eye (b). 
Figure 1b shows relative change in the resistance of a 10 nm thick ZnO layer measured at room 
temperature in humid air as a function of CO concentration. The relative change in the resistance of the 
ZnO films, i.e. the sensor response (S), is calculated as S(%) = (RGas – RAir) x100/RAir, where RGas and 
RAir are the resistance of the ZnO layers after and before gas exposure.  The resistance of the ZnO films 
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decreases with increasing CO concentration. Compared with ZnO layers with thickness of 50nm, the 
sensitivity of the sensor to CO improves more than 15 times. The sensitivity enhancement is attributed to 
the 5-fold increase of the surface to volume ratio.      
To investigate the influence of the back gate potential on the conductance of the oxide film, the 
conductance of the ZnO film was measured at a constant DC voltage Vd = 1 V in air with 40% relative 
humidity when a back gate potential (VG) was applied using a circuit as shown in Fig. 2a. Figure 2b 
shows the response of the sensor with 10 nm thick ZnO layer to 25 ppm CO at various applied back gate 
potentials, which clearly indicates that the CO response is enhanced with the negative applied back gate. 
At a back gate potential of -25V, the sensitivity increases approximately 2 times in comparison with that 
when the back gate potential is not applied. This observation can be explained by the fact that the 
negative back gate voltage depletes the electron concentration in the layer. This is favorable for forming 
more negatively charged ionosorbed oxygens at the surface and thus enhances the oxidation of CO. 
4. Conclusions  
ZnO thin films deposited using atomic layer deposition at the relatively low temperature of 150°C show a 
polycrystalline structure. These films can effectively detect CO at room temperature in the presence of 
humidity. The sensitivity and detection limit of the sensor calculated from the relative change in the ZnO 
resistance upon exposure to CO depends strongly on the thickness of the ZnO film. The lowest 
concentration of CO that can be measured in ambient conditions is 5 ppm, using a 10nm thick ZnO film. 
Results show that the sensitivity of the sensor to CO at room temperature can be modulated with the back 
gate voltage.   
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